Gene Silencing By Small RNAs
============================

The first miRNAs were discovered in *C. elegans* as temporal regulators of development.[@R1]^,^[@R2] Worms deficient in *lin-4* or *let-7* activity repeat larval cell fates and fail to produce adult characteristics in several tissues. A crucial role for specific miRNAs in human cells has also been established with the realization that aberrant expression of certain miRNAs contributes to diseases, such as cancer, heart ailments and neurodegeneration.[@R3] Consequently, miRNAs are also being developed as both therapeutic molecules and targets for inactivation for medical interventions.[@R4] An encouraging example of this approach is the recent demonstration that inhibition of miR-122 in chimpanzees suppressed hepatitis C virus and improved liver physiology.[@R5] A significant challenge for utilizing miRNA-based therapeutics is to understand the biological effects of these molecules on not just their intended targets but also on other endogenous small RNA pathways that may share processing and effector proteins.

The biogenesis of most miRNAs begins with the synthesis of long primary RNA transcripts (pri-miRNAs) by RNA Pol II ([Fig. 1](#F1){ref-type="fig"}).[@R6] These pri-miRNAs are processed in the nucleus by the RNase III enzyme Drosha (DRSH-1), generating \~65 nt long hairpin precursor miRNAs (pre-miRNAs). The pre-miRNAs are exported to the cytoplasm, where they are processed by the RNase III enzyme Dicer (DCR-1) to form the mature \~22 nt miRNAs. Mature miRNAs are loaded onto Argonaute (ALG-1/-2) proteins to form the miRNA induced silencing complex (miRISC). Typically, miRNAs use imperfect base pairing to recognize target mRNAs and repress their expression. Cofactors associated with miRISC induce destabilization or translational repression of bound target mRNAs.[@R7]

![**Figure 1.** Small RNA pathways. MiRNAs are processed from long structured primary transcripts by the Drosha (DRSH-1) complex into precursor miRNAs, which undergo Dicer (DCR-1) processing to produce mature \~22 nt miRNAs. Mature miRNAs use imperfect complementarity to guide Argonaute-containing (ALG-1 or ALG-2) miRISC to inhibit target mRNA expression. In the exo-RNAi pathway, long exogenous dsRNAs are recognized by RDE-4 and cleaved by the Dicer complex into primary exo-siRNAs, which recruit the Argonaute RDE-1 and other RISC factors to bind complementary sequences in target mRNAs. Amplification of primary siRNAs can generate secondary exo-siRNAs by the RNA dependent RNA Polymerase (RdRP) RRF-1, which uses the previously targeted mRNA as a template. The newly synthesized siRNAs contain 5′ triphosphates and form RISC complexes with the Secondary Argonautes (SAGOs) or the Argonaute CSR-1. In the endo-RNAi pathway, endogenous dsRNAs derived from hairpin RNAs or sense-antisense dsRNAs undergo Dicer processing to form some types of primary endo-siRNAs that are bound by Argonautes, such as ERGO-1. Targeted mRNAs serve as templates for the generation of secondary exo-siRNAs by the RdRP RRF-3 and associated factors. In some cases, mRNAs are directly chosen by an unknown mechanism as templates for the synthesis of 26 nt endo-siRNAs by the RRF-3 complex. An additional phase involving RRF-1 results in 22 nt endo-siRNAs. In the germline, 22G-RNAs are produced by RRF-1/EGO-1 activity that is independent of the DCR-1/ERI-1 complex and are incorporated into Worm-specific Argonautes (WAGOs). The exo- and endo-siRNAs typically base-pair perfectly with target sites and can induce mRNA cleavage if they recruit catalytically active Argonaute proteins.](worm-2-e21835-g1){#F1}

The ability of exogenous double-stranded RNA (dsRNA) to induce silencing of endogenous genes was also discovered in *C. elegans*.[@R8] Similar to the miRNA pathway, dsRNA introduced into worms is processed by Dicer into siRNAs that are then incorporated into Argonaute-containing complexes, generally referred to as RISC ([Fig. 1](#F1){ref-type="fig"}).[@R6] By design, the siRNAs are capable of pairing perfectly to mRNA sequences and, if a catalytically competent Argonaute protein is recruited, endonucleolytic cleavage of the target proceeds. This is considered the exo-RNAi pathway to distinguish it from the endo-RNAi pathway, where the siRNAs are generated from endogenous sources of RNA. In worms, some primary endo-siRNAs are thought to derive from dsRNAs formed from intramolecular hairpins or intermolecular duplexes that are cleaved by Dicer ([Fig. 1](#F1){ref-type="fig"}). Secondary endo-siRNAs, which are the more abundant class, are synthesized by RNA dependent RNA polymerases (RdRPs) that use RNAs targeted by primary siRNAs as templates.[@R9]^-^[@R11] In some cases, RdRP activity directly produces endo-siRNAs by copying mRNAs chosen as templates through an unknown mechanism.[@R9]^,^[@R12]^,^[@R13] Endo-siRNAs have also been detected in mammals and flies, although RdRPs capable of amplifying the RNAi pathway have not been found in these organisms.

Forward and reverse genetic screens have identified numerous genes required for an effective RNAi response in *C. elegans*. At the core, Dicer is required to convert long dsRNA into the siRNA guides.[@R14]^-^[@R16] The dsRNA binding protein, RDE-4, aids in this process and the Argonaute RDE-1 utilizes the siRNAs to initiate exo-RNAi, while other Argonautes with redundant functions mediate endo-RNAi.[@R17]^-^[@R19] The production of secondary siRNAs by the RdRPs RRF-1 and RRF-3 amplify the exo- and endo-RNAi pathways, respectively.[@R9]^-^[@R12]^,^[@R20]^,^[@R21] Some endo-siRNAs are directly synthesized by the RdRPs, RRF-1, RRF-3 and EGO-1, which select mRNA templates through a yet to be defined mechanism.[@R9]^,^[@R12]^,^[@R13] Additionally, worms have a dedicated nuclear RNAi pathway capable of co-transcriptionally regulating gene expression.[@R22]

Enhanced RNAi
=============

Since the endo- and exo-RNAi mechanisms share some factors, inactivation of one of these pathways can result in enhanced gene silencing by the other ([Table 1](#T1){ref-type="table"}). The first indication that this can occur came with the discovery that loss of *rrf-3* causes exo-RNAi hypersensitivity in *C. elegans*.[@R23] Later it was shown that endo-siRNA levels are strongly reduced in *rrf-3* mutants, suggesting that depletion of the endogenous pathway might release limiting factors for exo-RNAi.[@R24]^,^[@R25] Even though the endo-RNAi pathway is compromised in *rrf-3* mutants, the worms appear phenotypically normal at 20**°**C but become sterile at 25**°**C.[@R23] This feature makes *rrf-3* mutants a valuable strain for performing RNAi screens with heightened sensitivity.[@R20]

###### **Table 1.** Genes with enhanced RNAi phenotypes. t.s., temperature sensitive

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Gene                                       Gene product                  Other phenotypes                                                                     References
  ------------------------------------------ ----------------------------- ------------------------------------------------------------------------------------ --------------------------
  *eri-1*                                    Exonuclease                   t.s. sterile, X-chromosome non-disjunction                                           [@R26]

  *eri-3*                                    Novel                         t.s. sterile, X-chromosome non-disjunction                                           [@R24]

  *eri-5*                                    Tudor domain protein          t.s. sterile, X-chromosome non-disjunction                                           [@R24]

  *eri-6/*\                                  Helicase                      none reported                                                                        [@R28]
  *eri-7*                                                                                                                                                       

  *eri-9*                                    Novel                         none reported                                                                        [@R27]

  *rrf-3*                                    RNA-directed RNA polymerase   t.s. sterile, X-chromosome non-disjunction                                           [@R23]

  *ergo-1*                                   Argonaute                     none reported                                                                        [@R19]

  Transgenic overexpression of *sago-1/-2*   Argonaute                     none reported                                                                        [@R19]

  *lin-35*                                   Retinoblastoma homolog        t.s. sterile and embryonic lethal, t.s. arrested development, synthetic multivulva   [@R31]^-^[@R33]^,^[@R45]

  *lin-15B, dpl-1, lin-53, lin-9,*\          Syn muv B genes               synthetic multivulva                                                                 [@R30]^-^[@R33]^,^[@R45]
  *lin-13, hpl-2*                                                                                                                                               

  *mir-35--41*                               miRNAs                        t.s. embryonic lethal                                                                [@R38]^,^[@R39]
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

A screen aimed at finding additional enhanced RNAi (eri) mutants uncovered several genes with diverse functions ([Table 1](#T1){ref-type="table"}). The *eri-1* gene encodes an evolutionarily conserved exonuclease.[@R26] ERI-1 interacts with Dicer and the endo-RNAi pathway depends on this factor for accumulation of some endo-siRNAs.[@R24]^,^[@R25] Although ERI-1 has been shown to degrade siRNAs in vitro,[@R26] its role in the endo-siRNA pathway remains to be fully understood. Like ERI-1, ERI-3 and ERI-5 associate with Dicer and loss of these factors results in temperature sensitive sterility.[@R24]^,^[@R26]^,^[@R27] The helicase ERI-6/7 and novel protein ERI-9 are also required for the accumulation of some endo-siRNAs, but mutations in these genes do not result in obvious phenotypes, indicating that sterility is not always associated with defects in the endo-RNAi pathway.[@R27]^,^[@R28]

Another class of RNAi sensitive mutants includes several members of the *lin-35/Rb* pathway ([Table 1](#T1){ref-type="table"}). In worms, *lin-35* functions in many cellular processes and developmental steps, usually in concert with other genes in the class B SynMuv family.[@R29] Genes categorized as class B SynMuv display the multiple vulva phenotype only when a class A SynMuv gene is also mutated.[@R30] However, single mutants for *lin-35/Rb, lin-53* (homolog of the mammalian chromatin modifying complex subunit, RbAp48) and *dpl-1* (homolog of the mammalian transcription factor, DP), to name a few, all display enhanced RNAi.[@R31]^-^[@R33] Consistent with other enhanced RNAi mutants, loss of *lin-35/Rb* results in broad mis-regulation of endo-siRNA targets.[@R34] Some Argonaute genes that function in exo-RNAi are among these upregulated targets. Thus, the RNAi hypersensitivity of *lin-35/Rb* mutants could arise from increased expression of RNAi factors and reduced competition with the endogenous pathway. However, the mechanistic role of *lin-35/Rb* and other SynMuv B genes in the endo-RNAi pathway is yet to be elucidated.

miRNA Regulation of the RNAi Pathway
====================================

A new gene that enhances RNAi sensitivity was discovered while trying to determine the targets of a family of related miRNAs. Since animal miRNAs typically use partial base-pairing to recognize mRNAs, identifying direct targets and pathways regulated by specific miRNAs has proven challenging.[@R7] Numerous computational approaches, using motifs such as perfect pairing of the 5′ end or seed region of the miRNA, have provided lists of candidate targets for individual miRNAs. Molecular and biochemical methods that detect mRNAs upregulated in the absence of miRNA activity or isolate sequences associated with Argonaute proteins have also been used to successfully match miRNAs to target genes. Additionally, genetic studies have been invaluable for both finding targets as well as validating candidates from other approaches as direct miRNA targets. For example, targets of the first miRNAs, lin-4 and let-7, emerged as suppressors of the lineage and lethality phenotypes exhibited by strains with mutations in these miRNA genes[@R35]^,^[@R36]

The availability of deletion strains for most *C. elegans* miRNAs provides a rich resource for attempting to identify miRNA targets through biochemical and genetic methods.[@R37] While the majority of *C. elegans* miRNA mutants fail to exhibit obvious phenotypes under normal growth conditions, deletion of the miR-35--41 cluster of miRNAs results in temperature sensitive embryonic lethality.[@R38]^,^[@R39] Presumably, targets of miR-35--41 fail to be repressed in the mutant strain, causing the lethality. Thus, reduction of target gene expression by RNAi is predicted to rescue this phenotype. When Massirer et al. attempted to identify genes that suppressed the lethality of *mir-35--41(gk262)* mutants, they fortuitously discovered that this strain was generally hypersensitive to RNAi.[@R39] For example, RNAi of *unc-22* resulted in paralysis in *mir-35--41(gk262)* but only the weaker twitching phenotype in wild-type worms. Loss of the miR-35--41 miRNAs produced RNAi hypersensitivity in multiple tissues and stages of development that was similar or greater than that observed in *rrf-3* mutants. The detection of enhanced RNAi phenotypes in larval and adult stages is surprising given the fact that expression of miR-35--41 appears to be restricted to embryos.[@R38] Thus, the absence of these miRNAs in early development affects how future cells will respond to RNAi in the developing worm.

Like all of the other enhanced RNAi mutants, deletion of *mir-35--41* also results in defects in the endo-RNAi pathway. Endo-siRNA targets were found to be significantly enriched in the list of genes upregulated in *mir-35--41(gk262)* compared with wild-type embryos by microarray analysis.[@R39] Initially, the scarcity of predicted targets in the *mir-35--41(gk262)* upregulated gene set was puzzling. The Duchaine lab found that targets of miR-35--41 undergo deadenylation but remain otherwise stable and translationally repressed in embryos,[@R40] thus, providing an explanation for the inability to detect direct targets of these miRNAs through transcriptome profiling.

Several similarities between *mir-35--41* and *lin-35/Rb* mutants, such as extensive mis-regulation of endo-RNAi targets, exceptional RNAi hypersensitivity and temperature sensitive embryonic lethal phenotypes, led to the hunch that these genes might regulate each other.[@R39] While expression of miR-35 miRNA proved independent of *lin-35/Rb,* protein levels of LIN-35/Rb were found to be reduced almost 5-fold in *mir-35--41(gk262)* embryos.[@R39] The significance of this deficiency was demonstrated by showing that transgenic overexpression of *lin-35/Rb* largely rescued the RNAi hypersensitivity of *mir-35--41* mutants. Since miRNAs typically repress the expression of direct targets and *lin-35/Rb* lacks obvious complementary sites to miR-35--41, positive regulation of LIN-35/Rb protein levels by these miRNAs is likely indirect. While an effect on protein but not mRNA levels points to post-transcriptional control of *lin-35/Rb* by mir-35--41, the mechanism is yet to be unraveled.

Another curious feature of the effect of *mir-35--41* and *lin-35/Rb* on RNAi effectiveness is that it can be inherited. Massirer et al. showed that the enhanced sensitivity to *unc-22*(RNAi) can be maternally rescued.[@R39] If mother worms contain one wild-type copy of *mir-35--41* or *lin-35/Rb,* this is sufficient to abolish RNAi hypersensitivity in progeny carrying homozygous mutations for either of the genes. These results suggest that *mir-35--41* and *lin-35/Rb* have a far-reaching influence on the function of other small RNA pathways and this effect seems to be established very early in development.

Cross-Regulation Among Small RNA Pathways
=========================================

Cross-regulation between the exo- and endo-RNAi pathways first became apparent when representative endo-siRNAs failed to accumulate in enhanced RNAi strains, such as *eri-1* and *rrf-3* mutants.[@R24]^,^[@R25] Conversely, increased levels of exo-siRNAs were detected in these same mutants and an active RNAi response was found to cause reduced endo-siRNAs.[@R24] These observations suggest that factors limiting for siRNA production or stabilization are shared between the exo- and endo-RNAi pathways. The secondary siRNAs produced by RdRP activity require specific Argonautes, which seem to be limiting since overexpression of SAGO-1, for example, results in increased levels of exo- and endo-siRNAs.[@R19] Additionally, mRNAs for Argonaute proteins involved in both pathways, such as SAGO-2, are upregulated in *lin-35* mutant larvae, providing a possible explanation for the enhanced RNAi sensitivity of these worms.[@R34] However, this increased expression of Argonaute genes is not observed in *mir-35--41* mutant embryos, which express decreased levels of LIN-35/Rb.[@R39] Dicer is another factor utilized by the general siRNA, as well as the miRNA, pathway. In fact, Dicer is the only factor described so far to be broadly required for siRNA and miRNA biogenesis. Thus, the absence of the abundant miR-35--41 miRNAs in embryogenesis could liberate Dicer to allow for more effective RNAi. However, the endo-RNAi pathway is not enhanced and, to the contrary, appears defective in *mir-35--41* mutants, where many endo-siRNA targets are misregulated.[@R39] Thus, it remains a mystery as to how loss of the miR-35--41 miRNAs disrupts the endo-RNAi and enhances the exo-RNAi pathways.

Another surprising connection between the RNAi and miRNA pathways is the finding that a miRNA directs the production of endo-siRNAs against a specific target gene. While *rde-1* is required for the initiation of exo-RNAi ([Fig. 1](#F1){ref-type="fig"}), its endogenous function has been unclear, as no phenotypes have been attributed to mutations in this gene. Surprisingly, this Argonaute binds representatives of most classes of small RNAs, including miRNAs.[@R41] In particular it associates with miR-243, which guides RDE-1 to a perfect complementary site in the 3′ UTR of Y47H10A.5, which encodes a protein of unknown function. This interaction triggers silencing by a mechanism similar to the exo-RNAi pathway with the utilization of RRF-1 to synthesize endo-siRNAs and the requirement of secondary Argonautes to bind the siRNAs and repress the expression of Y47H10A.5.[@R12]^,^[@R41] While plants also use miRNAs to guide the synthesis of endo-siRNAs, whether the miR-243 example is unique or represents a more prevalent connection between small RNA pathways in animals is yet to be determined.

Concluding Remarks
==================

MiRNAs are predicted to regulate well over half of the transcriptome and, given their extensive complexity, endo-siRNAs are likely to also target a large fraction of the worm genome. Thus, small RNAs potentially influence directly the expression of most genes in this animal. While there are proteins dedicated to the miRNA, exo- and endo-RNAi pathways, there also appears to be substantial cross-regulation. Dicer is at the hub of most small RNA pathways, but it forms distinct complexes for miRNA, endo- and exo-RNAi functions.[@R42] How the small RNA guides and their cofactors sort into the appropriate complexes is not entirely clear. Although loss of specific endo- or exo-RNAi factors results in enhanced activity of the competing pathway, miRNA expression and function is generally unaffected. This separation of miRNA and RNAi pathways has been clouded by the recent discovery that loss of the miR-35--41 miRNAs leads to exo-RNAi hypersensitivity and endo-RNAi deficiency.[@R39] These miRNAs positively regulate the expression of LIN-35/Rb, a factor previously shown to impact RNAi efficiency.[@R31]^-^[@R33] The connection between *mir-35--41* and *lin-35/Rb* is likely indirect but points to a new mechanism for the regulation of LIN-35/Rb protein levels.

Endo-siRNAs have been identified by small RNA cloning not only in *C. elegans*, but also in Drosophila and mammalian cells and are predicted to target thousands of endogenous genes, particularly mRNAs present in germline and embryos.[@R6] In mouse oocytes, the endo-siRNA pathway is essential for meiosis, while miRNA function is suppressed in this cell type.[@R43] The specific role of endo-siRNAs in oogenesis and the mechanism for blocking miRNA activity in oocytes are currently unknown. In worms, the endo-RNAi pathway plays an important function in sperm development, raising the possibility of a conserved role for endogenous RNAi in gametes and reproduction.[@R13]^,^[@R27]^,^[@R44] It is yet to be shown if disruption of the miRNA or endo-RNAi pathway influences RNAi initiated from exogenous sources in other organisms. While in worms it is well established that perturbations in endo-RNAi can result in enhanced silencing efficiency by exo-siRNAs, the discovery of a family of miRNAs that regulates the effectiveness of these RNAi pathways further interconnects small RNA regulation. Additionally, the work by Massirer et al. demonstrates that miRNAs can broadly regulate other small RNA pathways and, thus, have far reaching effects on gene expression beyond directly targeting specific mRNAs.
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